Somatic hypermutation and clonal selection lead to B cells expressing high-affinity antibodies. Here we show that somatic mutations not only play a critical role in antigen binding, they also affect the thermodynamic stability of the antibody molecule. Somatic mutations directly involved in antigen recognition by antibody 93F3, which binds a relatively small hapten, reduce the melting temperature compared with its germ-line precursor by up to 9°C. The destabilizing effects of these mutations are compensated by additional somatic mutations located on surface loops distal to the antigen binding site. Similarly, somatic mutations enhance both the affinity and thermodynamic stability of antibody OKT3, which binds the large protein antigen CD3. Analysis of the crystal structures of 93F3 and OKT3 indicates that these somatic mutations modulate antibody stability primarily through the interface of the heavy and light chain variable domains. The historical view of antibody maturation has been that somatic hypermutation and subsequent clonal selection increase antigen-antibody specificity and binding energy. Our results suggest that this process also optimizes protein stability, and that many peripheral mutations that were considered to be neutral are required to offset deleterious effects of mutations that increase affinity. Thus, the immunological evolution of antibodies recapitulates on a much shorter timescale the natural evolution of enzymes in which function and thermodynamic stability are simultaneously enhanced through mutation and selection.
Somatic hypermutation and clonal selection lead to B cells expressing high-affinity antibodies. Here we show that somatic mutations not only play a critical role in antigen binding, they also affect the thermodynamic stability of the antibody molecule. Somatic mutations directly involved in antigen recognition by antibody 93F3, which binds a relatively small hapten, reduce the melting temperature compared with its germ-line precursor by up to 9°C. The destabilizing effects of these mutations are compensated by additional somatic mutations located on surface loops distal to the antigen binding site. Similarly, somatic mutations enhance both the affinity and thermodynamic stability of antibody OKT3, which binds the large protein antigen CD3. Analysis of the crystal structures of 93F3 and OKT3 indicates that these somatic mutations modulate antibody stability primarily through the interface of the heavy and light chain variable domains. The historical view of antibody maturation has been that somatic hypermutation and subsequent clonal selection increase antigen-antibody specificity and binding energy. Our results suggest that this process also optimizes protein stability, and that many peripheral mutations that were considered to be neutral are required to offset deleterious effects of mutations that increase affinity. Thus, the immunological evolution of antibodies recapitulates on a much shorter timescale the natural evolution of enzymes in which function and thermodynamic stability are simultaneously enhanced through mutation and selection.
T he generation of high-affinity, selective antibodies by the immune system involves the combinatorial assembly of V, D, and J gene segments followed by affinity maturation, during which somatic mutations in the antibody variable region are clonally selected on the basis of increased affinity for antigen (1, 2) . Genetic, biochemical, and structural studies have revealed the molecular mechanisms that result in antibody variable region diversity and its role in antigen recognition. More recently, detailed structural and biophysical studies have shown that germline antibodies have significant combining-site conformational variability compared with affinity-matured antibodies, and this structural plasticity also plays a critical role in determining the enormous binding potential of the germ-line repertoire (3) (4) (5) (6) . Somatic hypermutation and subsequent B-cell clonal selection further optimize antibody-antigen affinity and selectivity. In most cases, these somatic mutations occur throughout the variable region, including sites quite remote from the antigen binding site. Structural studies have shown that these distal mutations can affect the combining-site structure and dynamics through a network of coupled side-chain hydrogen-bonding, electrostatic, and van der Waals interactions (3, 7) . However, many of the somatic mutations that occur during affinity maturation appear to have little effect on antigen-binding affinity. A long-standing question has been what role if any such mutations play during the B-cell selection process.
The process of natural selection not only results in proteins with enhanced activity, it also affords soluble, thermodynamically stable polypeptides (8) (9) (10) (11) . Thus, one possible role for the apparent functionally silent somatic mutations in the antibody variable region may not be associated with antigen binding but rather with preserving the overall stability and solubility of the antibody molecule. Antigen binding fragments (Fabs) of antibodies generated from hybridomas exhibit a relatively small range of melting temperatures despite significant sequence variation (12) . In contrast, phage display and other in vitro selection systems often afford high-affinity antibodies that are poorly expressed, aggregate, and/or have low stability (13) . Thus, a subset of naturally occurring somatic mutations, especially those distal to the combining site, may compensate for destabilizing mutations that are selected on the basis of affinity alone. The antibody maturation process may act to simultaneously select for both enhanced binding affinity and protein stability-a process not recapitulated by most in vitro antibody display methods. To explore the possibility of an expanded role for somatic mutation during the immune response, we have expressed the germ-line and affinity-matured antibodies 93F3 (14) and OKT3 (15) and determined the effects of somatic mutations on both antibody affinity and overall thermodynamic stability.
Results and Discussion
Somatic Mutations in Antibody 93F3. Antibody 93F3, which was elicited to a small synthetic hapten (Fig. S1 ) and catalyzes aldol reactions, has been well-characterized structurally and biochemically (14, 16) . Although the crystal structure of the 93F3-hapten complex is not available, the substrate binding site has been modeled on the basis of the structure of 33F12 (a related aldolase antibody) bound to a hapten analog (17) . It is known that residue Lys89(L), which lies in a hydrophobic pocket and has a depressed pK a , catalyzes the reaction by forming an enamine intermediate with substrate. (L and H refer to the light and heavy chains, respectively.) Bioinformatics analysis indicates that the V, D, and J germ-line origins of the heavy chain are IGHV2-6-5*01, IGHD2-14*01, and IGHJ4*01, respectively. The light-chain germ-line V and J are IGKV8-21*01 and IGKJ2-1*01, respectively (International ImMunoGeneTics Information System; www.imgt.org), indicating that Lys89(L) is encoded in the germline sequence of the light-chain V region. A comparison of the mature and germ-line antibody sequences reveals that 13 and 9 amino acids are somatically mutated in the heavy-chain and lightchain variable regions, respectively ( Fig. 1 A and B) . Among them,
and N95P(L) are within or proximal to the antigen binding site (Fig. 1C) ; the other mutations, Q1E(H), Q3M(H), K5V(H),
, and L27F(L), are at least 10 Å removed.
Effects of Somatic Mutations on Affinity and Thermodynamic Stability.
To determine the effects of these somatic mutations on antigen binding and stability, we first generated the Fab fragment derived from the germ-line heavy chain (H G ) and light chain (L G ) of 93F3 ( Fig. 1 and Table S1 ). The six somatic mutations at the antigen binding site were then introduced into the germ-line sequence of the heavy and light chains to afford a heavy chain with D98G and Y102S substitutions (H A ) and a light chain with K45T, L46K, N93D, and N95P substitutions (L A ). The three Fabs H G L G (germ-line precursor of 93F3), H M L M (affinity-matured 93F3), and H A L A (germ-line precursor with antigen binding site mutations) were fused to a polyhistidine tag at the C terminus of the heavy chain, expressed in HEK293 cells, and purified by Ni-NTA affinity chromatography.
We determined the binding affinity of these three Fabs to the hapten used to generate 93F3 by an ELISA as previously described (18) . H M L M (93F3) has the highest binding affinity (K d = 0.6 μM); H G L G has no detectable binding to the hapten; and H A L A has a binding affinity (K d = 1 μM) close to that of the affinity-matured Fab (Table S2 ). These results indicate that the six somatic mutations in the antigen binding site largely account for the increase in binding affinity. The thermodynamic stabilities (apparent melting temperature; T m ) of the Fabs were then determined with the environmentally sensitive extrinsic dye SYPRO Orange, as described (19) (Fig. 2) . Similar methods have been used previously to measure the stabilities of affinitymatured antibodies, and the T m values are in good agreement with those determined by standard calorimetric techniques, such as differential scanning calorimetry (20) . Antibody aggregation was also assessed as a function of temperature by monitoring optical density at 600 nm. These methods gave apparent stability values in close agreement with each other (Fig. 2 (Table S2) . These results clearly show that these peripheral mutations contribute to "stability maturation," resulting in an affinity-matured antibody with comparable stability to its germ-line precursor. We then introduced sets of peripheral mutations stepwise into the variable regions of the heavy and light chains of the H A and L A sequences to begin to determine their contributions to the stability maturation process. We grouped the peripheral mutations into subsets based on their proximity to each other to generate four additional heavy-chain (H 1 : Q1E, Q3M, K5V; H 2 : T30S, G54D, N73S; H 3 : S65F, S68T, K81N, N83H; H 4 : T87S) and two light-chain (L 1 : V3Q, S5T, K24R; L 2 : A15P, L27F) variants (Fig. 1 ). Twenty-four Fab fragments were generated by combination of these heavyand light-chain variants with H A , H M , L A , and L M , and their thermal stabilities were determined ( Fig. S2 and Table S3 ). In every case when H A or L A was paired with a subset of different peripheral mutations, the T m was significantly greater than that of H A L A . For example, when the heavy chain is H A (which has no peripheral mutations), the stabilities of the Fabs are
Furthermore, all combinations of sets of peripheral mutations were more stable than H A L A , and some had even higher stability than H M L M . For example, pairing of light-chain variant L 1 or L 2 with H 2 (T30S, G54D, T73S) affords a Fab with equal or greater stability (up to 4°C) than the affinity-matured antibody. To determine whether the enhanced stability of H 2 variants results from any individual mutation in this subset or from a combined effect of the three mutations, we introduced each individual peripheral H 2 somatic mutation into H A to afford H 2(30S) , H 2(54D) , and H 2(73S) , and paired them with L A (Table S4 ). It is interesting that each single mutation T30S or G54D is sufficient to make
Analysis of a large database of antibody segments (Abysis; www.bioinf.org.uk/abysis) reveals that these mutations are not common; that is, they are likely not universal stabilizing mutations, but rather provide enhanced stability in the context of 93F3. Such individual stabilizing mutations likely occur in response to specific "affinity mutations" during the affinity maturation process, complicating an analysis of their overall additivity in the context of only the germ-line and affinity-matured antibody. Previous directed evolution experiments have shown that mutations in antibody variable regions, particularly those in turns at the surface or residues at the variable-constant interface (21, 22) , can significantly increase the stability of antibodies or antibody fragments (23) (24) (25) (26) . Here we show that the clonal selection process is likely more sophisticated than previously realized-it efficiently selects such stabilizing mutations to compensate for somatic mutations that mature affinity but are deleterious to stability. Thus, the immunological evolution of antibodies recapitulates on a much shorter timescale the natural evolution of enzymes in which both function and thermodynamic stability are enhanced through mutation and selection (11) .
Structural Analysis of Somatic Mutations. To understand the mechanism by which somatic mutations affect antibody stability, we compared the crystal structures of 93F3 (H M L M ) and H A L A , the most unstable variant with only antigen binding site mutations; the latter structure was determined to 2.6-Å resolution (Table S5 ). The somatic mutations that enhance affinity are all located at the interface of the heavy and light chain variable domains, VH and VL, and likely adversely affect the interaction of VH and VL and, as a consequence, antibody stability. For example, somatic mutation Y102S(H) likely perturbs the hydrogen-bonding network between Asp100(H), Trp103(H), and Tyr36(L), which connects VH and VL. In contrast, all 16 peripheral mutations are on the surface of the antibody with their side chains extending toward the solvent. Although the overall structures are wellaligned, the superposition of H A L A and H M L M shows clear structural differences, with the most significant changes occurring in the loop regions connecting the β-strands (Fig. 3) . For example, the stabilizing peripheral mutations T30S and G54D are located in the complementarity-determining region (CDR)H1 and CDRH2 loops, respectively, which are connected to and likely control the conformation of strands βC, βC′, and βC′′ at the interface of VH and VL. Indeed, we observe that the N-terminal region of βC in H A L A is shifted away from the interface of VH and VL in comparison with the structure of H M L M (Fig. 3C) . By modulating the geometry of the β-strands at the interface of VH and VL, these peripheral mutations may serve to relieve the destabilizing effects caused by the somatic mutations in the antigen binding site. Another group of stabilizing peripheral mutations in H 3 and H 4 likely affect a hydrogen-bonding network formed by Arg66(H), Asp86(H), Arg38(H), and Glu46(H) (Fig. S4 ), which in turn modulates the interaction between the side chains of Gln39 (H) and Gln38(L). The latter residues are nearly 100% conserved and constitute one of the most important interactions between VH and VL (Abysis). Because H M L M and H A L A crystallized in different space groups, crystal packing is a factor that could lead to structural differences in the surface loops. However, the structural differences modify the interactions between VH and VL. These changes are not on the surface and not likely caused by crystal contacts.
Somatic Mutations in Antibody OKT3 also Enhance both Affinity and Stability. To further explore the notion that somatic mutations are selected based on both affinity and stability, we analyzed a second murine antibody, OKT3, which binds the large protein antigen CD3 (27) . Again, bioinformatics analysis was used to determine the germ-line precursors of the heavy and light chains of OKT3, and revealed six and five somatic mutations in the heavy and light chains, respectively [S31R(H), S55R(H), K59N(H), (Fig. 4 A and B) . The affinity-matured Fab (H M L M ) and its germ-line precursor (H G L G ) were expressed and purified and their affinities and stabilities were determined ( The crystal structure of the complex of OKT3 bound to the CD3e chain shows that all six somatic mutations in the heavy chain and two somatic mutations in the light chain (Pro96Phe and His34Asn) are proximal to the antigen binding site, potentially interacting with antigen directly or indirectly (Fig. 4C) . We made constructs to reverse these eight somatic mutations to the germ-line amino acids individually (Table S6) , expressed the Fab variants, and measured the binding affinity. The results indicated that reversion of these somatic mutations with the exception of His34(L) significantly decreased antigen binding (Table S7) . We next expressed the Fab variant H M L G and determined it to have lower stability (T m = 64°C) than H M L M or H G L G , consistent with the notion that mutations that enhance affinity are destabilizing. We then introduced the Pro96Phe(L) somatic mutation (which affected affinity when reverted) in the context of L G to afford light-chain variant L A and paired it with H M , which contains all of the somatic mutations involved in antigen binding. The binding affinity of H M L A increased to nearly the same level as H M L M ; however, the T m remained 8°C lower than that of H M L M . Finally, we introduced the somatic mutation His34Asn (which did not affect affinity when reverted) in the context of L A (L 1 ) and paired it with H M . The T m of H M L 1 (69°C) increased to near that of H M L M and its affinity was relatively unaffected, indicating that in this case the single His34Asn mutation can compensate the stability lost during affinity maturation. The other light-chain somatic mutations only increase the stability slightly and do not significantly affect binding affinity. However, it is likely that the effects of stability mutations are contextdependent, so the role of such mutations during the affinity maturation process is difficult to define. Interestingly, the key somatic mutation His34Asn that affects the stability of OKT3 is located at the interface of the heavy and light chains, in contrast to antibody 93F3, where the critical stabilizing mutations are in the loops connecting the two β-sheets. Nonetheless, OKT3 provides a second example of the dual role of somatic hypermutations in the affinity and stability of antibodies.
Clonal Selection of Stabilizing Somatic Mutations. The somatic hypermutation-clonal selection process has historically been viewed as a process for optimizing the binding affinity of a robust protein scaffold that was tacitly assumed to maintain stability, even with many binding-site mutations (29) . Our results suggest that random mutations introduced by somatic hypermutation may be selected based on both affinity and stability. During clonal selection, B cells compete for antigen binding through B-cell antigen receptors. Surface-displayed immunoglobulins (Igs) are cross-linked upon binding antigen, triggering B-cell proliferation. As a result, cells with higher-affinity antibodies are selectively amplified (30, 31) . Because protein expression levels often correlate with thermal stability (32), it is likely that antibody stability controls the surface density of Igs on B cells during clonal selection. Thus, higher-affinity antibodies with decreased T m s may have decreased expression levels and lower surface densities, which adversely impacts antigen cross-linking and subsequent selection. This effect may be compensated by mutations that lead to higher stability and antibody expression levels, resulting in higher avidities and increased cross-linking by antigen, and as a result enhanced B-cell proliferation. To test this notion, we determined the expression levels of 12 Fab variants with significantly different thermal stabilities in mammalian cells. We transfected HEK293 cells with antibody Fabs and then measured the amount of protein secreted into the media by Western blot, as well as the yield of purified Fab. The stabilities of the Fabs correlate with their expression levels in mammalian cells (Fig. 5) . Based on these results, we believe that more stable Igs may result in higher expression levels on the B-cell surface in vivo, whereas unstable Igs likely lead to misfolding and lower expression levels. B cells with either higher affinity or higher copy numbers of surface Igs have a greater avidity for antigen and are activated (until a threshold is reached at which antigen-dependent cross-linking no longer limits B-cell proliferation). This coselection mechanism during the affinity maturation process provides selective advantages for individual B cells producing antibodies with both enhanced affinity and stability. Alternatively, stabilizing mutations may simply accumulate in the variable region without positive selection. However, in the case of antibody 93F3, a surprising number of the peripheral mutations are stabilizing relative to what one might expect on the basis of directed evolution experiments with other proteins (9, 33, 34) . Indeed, most in vitro antibody-engineering techniques rely upon display systems that select for affinity alone (35, 36) and often produce high-affinity binders with poor biophysical characteristics (13) .
Conclusion
The antibody molecule provides an excellent model system to investigate the evolution of protein-binding energy and catalysis (23) . As the human and mouse antibody repertoires have been sequenced, somatic mutations in an affinity-matured antibody can often be identified by comparison with its germ-line precursor. In addition, many antibody sequences and structures are available for comparative analysis. Here we demonstrate the dual role of somatic mutations with antibodies 93F3 and OKT3. Some somatic mutations are selected based on their contributions to antigen binding but are thermodynamically destabilizing; these detrimental effects can be compensated by other somatic mutations that contribute to an increase in the stability of the antibody. Thus, this work has revealed another critical role for the somatic hypermutation process during the immune response, and may modify our historical view of complementaritydetermining regions and their role in antigen recognition based on Wu and Kabat's classic analysis of sequence variation in the antibody molecule (37) .
Materials and Methods
93F3, OKT3, Germ-Line, and Mutant Variant Cloning. The heavy and light chains of 93F3 and OKT3 and their germ-line precursors were generated by gene synthesis (GenScript). All heavy and light chains of mutant variants were constructed by overlap PCR (Tables S1 and S6 ) and ligated into pFUSE plasmids (Invivogen).
Antibody Expression and Purification. Fab fragments were expressed by cotransfecting heavy chain-and light chain-encoding plasmids into HEK293 FreeStyle cells using 293Fectin (Invitrogen). Briefly, HEK293 FreeStyle cells were cultured in 293 FreeStyle Media (Invitrogen) to 10 6 cells/mL. Heavy chain-and light chain-encoding plasmids (10 μg each) were added to 1 mL Opti-MEM (Invitrogen). Twenty microliters of 293Fectin was added to 1 mL Opti-MEM and incubated for 5 min, followed by gentle mixing with the plasmid DNA diluent and incubation for 45 min at room temperature. The mixture was transferred into 20 mL of HEK293 FreeStyle cell culture. The culture supernatant was harvested after 48 h and cells were cultured in fresh media for another 48 h and then harvested a second time. The supernatant was loaded onto an Ni-NTA column and washed twice with five column volumes of wash buffer (50 mM Tris·HCl, 20 mM imidazole, 300 mM NaCl, pH 8.0). The pure Fab fragment was eluted with five column volumes of elution buffer (50 mM Tris·HCl, 400 mM imidazole, 300 mM NaCl, pH 8.0) and then buffer-exchanged to low-salt buffer (25 mM Tris·HCl, 50 mM NaCl, pH 8.0).
Experimental methods for melting temperature, binding affinity, and structure determination are detailed in SI Materials and Methods.
Supporting Information
Wang et al. 10 .1073/pnas.1301810110 SI Materials and Methods Binding Affinity Determination. The apparent dissociation constants of the Fab of 93F3 and its variants were determined according to the published method (1) . Briefly, 50 μL Fab (0.5 μM) was incubated with 1 ( Fig. S1; 0.05-30 μM) for 30 min. Microtiter plates (Costar) were coated with 1-BSA (0.5 μg/50 μL) at 37°C for 1 h, washed twice with PBS, and blocked with 3% (wt/vol) BSA at room temperature for 1 h. The blocking solution was removed and the mixture of Fab and 1 was added and incubated for 1 h at room temperature. The well was then washed 10 times with PBS and the bound His-tagged Fab was detected using an HRP-conjugated antiHis 6 antibody (Sigma-Aldrich) in the presence of QuantaBlu Fluorogenic Peroxidase Substrate (Pierce/Thermo Scientific) according to the manufacturer's guidelines. The apparent dissociation constant was determined as the inhibitor concentration required to inhibit 50% of the maximal binding.
The binding affinity of OKT3 variants was determined according to the published method (2) . Briefly, 5 × 10 5 Jurkat cells in complete medium (RPMI medium 1640 supplemented with 10% FBS) were incubated with test Fab variant (0.1-50 μM) at 4°C for 1 h. OKT3-FITC (50 nM) was added and incubated at 4°C for 1 h. The cells were then washed with complete medium and the relative fluorescence of stained cells was measured using a FACScan cytometer (BD LSR II). The affinity was determined as the Fab concentration required to inhibit 50% of maximal fluorescence intensity (OKT3-FITC binding in the absence of test Fab sample).
Crystallization and Structure Determination. H A L A Fab purified from Ni-NTA affinity chromatography was further purified by Mono S column (GE Healthcare). Briefly, Fab was bufferexchanged into buffer A (10 mM Na acetate, pH 5.0). The sample was then injected onto the column in buffer A, followed by a shallow gradient of 0-50% buffer B (10 mM Na acetate, pH 5.0, 1 M NaCl) over ∼30-50 column volumes. The major peak was collected, buffer-exchanged into buffer A, and concentrated. H A L A at 13 mg/mL was crystallized in 0.1 M Tris buffer (pH 8.0), 18% (wt/vol) PEG 6000.
Data were collected at the Stanford Synchrotron Radiation Lightsource on beamline 12-2 (PILATUS 6M PAD detector) from a single crystal with 30% PEG 400 (vol/vol) as cryoprotectant. Data were indexed as monoclinic, space group P2 1 and then integrated and scaled with HKL2000 (3). The Fab structure was determined by molecular replacement methods (three Fabs per asymmetric unit) using the program Phaser (4). A Fab fragment from mouse 93F3 (IgG1, κ) [Protein Data Bank (PDB) ID code 1T4K] was used as the search model for rotation and translation function calculations (5). Structural refinement was completed to 2.6-Å resolution using REFMAC5 (6) to a final R cryst 0.21 and R free 0.27 for all data (Table S5) . Model rebuilding was performed using Coot (7).
Extrinsic Fluorescence Assay to Estimate Stability. Measurements were carried out as described for high-throughput thermal scanning (HTTS) (8) . SYPRO Orange dye (Invitrogen) was supplied in DMSO at 5,000× the working concentration for PAGE staining. Spectra were obtained on a Bio-Rad Optical Density Measurements at 600 nm. A Jasco J-815 spectrometer recorded the absorbance at 600 nm with increasing temperatures with a protein concentration of 0.1 mg/mL in phosphate buffer (40 mM sodium phosphate, 150 mM NaCl, pH 7.4). Data were collected in 1-°C steps with 6-s temperature equilibration, 1°C/min ramping, and 2-s integration. All data were exported and plotted in Microsoft Excel 2007.
Data Fitting and Estimation of T m s. For high-throughput thermal scanning (HTTS) data processing, melting data were normalized and truncated from their initial room-temperature fluorescence values to their maxima (Fig. S2) . We then fit the data to a modified Clarke and Fersht equation (9) (Eq. S1), which accounts for a nonflat pretransition baseline. Here α F and β F are the intercept and slope of the baseline for the folded state, respectively, and m is an exponential factor associated with the slope of the transition at the apparent melting temperature T m . All of the parameters α F , β F , m, and T m were evaluated by leastsquares fitting using the Solver plug-in of Microsoft Excel by minimizing the sum of the squared differences between each data point and each fitted point. Derivative plots (change in fluorescence per change in temperature) of both the raw and the fitted data (Fig. S3) were evaluated using the slope as determined from a sliding seven-point window around each temperature value. The derivative plot of the raw data were then fit to a standard Gaussian (Eq. S2),
in which the constant a defines the height of the curve's peak, b defines the position of the center of the peak (this point corresponds to the temperature where the derivative attains its maximal value), and c defines the width of the Gaussian. All of the constants a, b, and c were evaluated by least-squares fitting using the Solver plug-in of Microsoft Excel. The Gaussian fitted derivative plot of the raw data matched well to the derivative plot of the data that was fitted to the Clarke and Fersht equation (Fig. S3) . This indicated that the temperature corresponding to b, as computed from the Gaussian fit, correlated well with T m , calculated from the Clarke and Fersht equation. The nonflat pretransition baseline tends to offset the T m s to slightly higher values, and hence most of the calculated b values were 0.2-0.6°C lower than that of the fitted T m . The melting temperatures reported in our study are all of the b values estimated using the Gaussian fits. The same methodology for curve fitting and estimation of melting temperatures was carried out for OD 600 light-scattering data to determine the midpoint aggregation temperature, T agg . Numbers in parentheses refer to the highest-resolution shell. *R sym = Σ hkl Σ i jI hkl;i -< I hkl > j= Σ hkl Σ i I hkl;I , where I hkl,i is the scaled intensity of the ith measurement of relection h, k, l. < I hkl > is the average intensity for that reflection. † R cryst = Σ hkl jF o -F c j=Σ hkl jF o j × 100. ‡ R free was calculated as for R cryst , but on a test set comprising 5% of the data excluded from refinement.
